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For centuries carbon black has been an important material for a wide range of industrial applications. Carbon black can be used as one of the pigments used in the manufacturing of printing inks, paints and lacquers, but during the past 50 yr it has been mainly used as one of the reinforcing fillers in the rubber industry, particularly in manufacturing vehicle tires. In 1999, global annual consumption of carbon black was about a million metric tons per year 1) . Annual consumption of carbon black in Taiwan area was about 113,000 tons in 1999, where about 90% (100,000 tons) was produced domestically. According to the labor statistics published by the Taiwan government in 1995, approximately 18,500 workers were potentially exposed to carbon black in both the carbon black using (such as rubber, ink, paint, ceramics, carbon electrode, battery producing) industries and producing (the carbon black manufacturing) industries. The manufacturing of carbon black involves first the preheating of feedstock oil, air, and gas, then partial combustion at temperatures ranging from 1,780°C to 1,950°C in the furnace, depending on the grade of carbon black to be produced. The carbon-rich products are then quenched with water and passed through heat exchangers to recycle the heat for preheating the combustion air. After secondary quenching, the light, fluffy carbon black is separated in a bag filter, then sent through micropulverizers to a surge tank. Finally, the carbon black is wet pelletized followed by a drying process to produce pelletized products, and then packaged for shipment.
Occupational exposure limits for carbon black exposure are now based on the carbon black dust concentration. The American Conference of Governmental Industrial Hygienists (ACGIH) adopted 3.5 mg/m 3 as its timeweighted-average threshold limit (TLV-TWA) 2) . Cook summarized the occupational exposure limits for 9 countries along with the one (3.5 mg/m 3 ) adopted by the United States as its time-weighted-average permissible exposure limit (PEL-TWA) 3) . He found that 7 countries have adopted the same value as their time-weightedaverage occupational exposure limit (OEL-TWA), but in two countries, Switzerland and Venezuela, they have adopted different values: 6 mg/m 3 and 7 mg/m 3 , respectively. A recent report has indicated that workers in the carbon black manufacturing industry tend to have higher dust exposure levels (particularly for workers in filtering, pelletizing, packaging, and stacking areas) than workers in carbon black using industries 4) . This suggests that, to assess the dust exposures of workers in the carbon black manufacturing industry would be more important than that of workers in carbon black using industries.
Since the manufacturing of carbon black involves the thermal combustion of feedstock oil, semi-volatile organic compounds, such as polycyclic aromatic hydrocarbons (PAHs), are expected to be generated due to the free radical reaction resulting from the cracking of the feedstock oil 5) . Although several studies have shown that the bio-availability of PAHs adsorbed in carbon blacks could be very low [6] [7] [8] , this might need to be reconsidered in the case of carbon black manufacturing workers. This is because workers in the carbon black manufacturing industry could be exposed to both gaseous and particlebound PAHs. Moreover, carbon black dust in the carbon black manufacturing workplace atmosphere could be fluffier than that in the using industries, because unpelletized carbon black could also be released into the workplace atmosphere. A recent study has indicated that the amount of PAHs absorbed in the particles is associated with the surface area of given particles 9) . Therefore, PAHs in the carbon black dust in the manufacturing industries might be different from those in the using industries. Currently, a number of PAH species are known to be animal and/or human carcinogenic 10) . The U.S. NIOSH has announced a Recommended Exposure Limit (REL) of 0.1 mg/m 3 for PAHs 11) , but no TLVs (or PELs) has been suggested by the ACGIH (or adopted by U.S. OSHA). For carbon black workers, three important questions might be worth further investigation: (1) what are the exposure levels for airborne dusts, particle-bound PAHs, and gaseous PAHs? (2) what are the characteristics of their exposure profiles? and (3) how does particle size distribution occurring in the workplace atmosphere affect workers' exposure to airborne dusts and particle-bound PAHs? The aim of this study was to answer these questions. The results obtained in this study could be helpful in the field of occupational hygiene in initiating a thorough exposure assessment program and control strategy for the carbon black manufacturing industry.
Methods and Materials

Sampling Strategy
(1) Personal sampling Personal sampling was conducted on all workers, including 8 wet pelletizing workers and 22 packaging workers, during one work shift on the same day. The pelletizing and packaging workers were in two separate rooms. The pelletizing room (20 m × 20 m) consisted of two pelletizers, and no ventilation system was installed. Pelletizing workers were required to monitor both pelletizers and periodically collected pelletized carbon black from both pelletizers for quality control. The airborne dust in the atmosphere of the work room was due to the releasing of carbon black particles from both pelletizers. The packaging room (15 m × 50 m) consisted of six packaging machines, including four for bagging and two for bulk shipment. Four general exhaust ventilating fans were installed on the wall, but no local exhaust ventilation system was installed at packaging sites. All packaging workers were required to work at the packaging sites filling bags with carbon black. Carbon black particles might be released into the atmosphere of the packaging room during the packaging process.
The sampling method was a modification of method 5515 that was suggested by U.S. National Institute for Occupational Safety and Health (NIOSH) 12) . The sampling train consisted of a filter cassette (IOM personal sampler, SKC Inc.) followed by a sorbent tube (washed XAD-2, 3.5 g/0.5 g). The sampling flow rate was specified at 2 l/min. Before sampling, all filters were cleaned and washed with a solvent solution (mixture of n-hexane and dichloromethane, v:v = 1:1) for 24 h in a Soxhlet extractor. Dust collected by the IOM personal sampler was weighed on an electrical balance (Sartorius MP 8-6, ± 0.01 mg), then sent to the lab, together with the sorbent tube, for PAHs analysis to determine both particle-bound PAH and gaseous PAH concentrations.
(2) Particle size segregating sampling Two size segregating samplers, the Micro-orifice Uniform Deposited Impactors (MOUDI, MSP Co.) 13) and the Noll Rotary Impactor (NRI, Manufactured by Air Laboratory of Illinois Institute of Technology) 14) , were used to collect particle size distribution samples from both the wet pelletizing room and the packaging room simultaneously. Both samplers were placed side-by-side at a height of 150 cm (from the floor level), and were moved periodically (about every 2 h) around the four designated sites that were uniformly distributed in the sampling workplace to collect representative samples for one work shift on the same day as the personal sampling was conducted. For each workplace, two pairs of size segregated samples were collected.
The MOUDI used in this study is a nine-stage cascade impactor operated at a flow rate of 30 l/min. For each stage it consists of a nozzle plate followed by an impaction plate. The particle cut-size diameters are: 10 µm, 5.6 µm, 3.2 µm, 1.8 µm, 1.0 µm, 0.56 µm, 0.31 µm, 0.18 µm and 0.1 µm 13) . 47 mm diameter aluminum circular filterstrips are placed on top of the impation plates in the MOUDI sampler. All filter strips were first cleaned and washed with a solvent solution (mixture of n-hexane and dichloro-methane, v:v = 1:1) for 24 h in a Soxhlet extractor. Silicon grease (No. 11025 silicon spray, Clingsurface Co.) was then applied to the surface of each filterstrip to prevent the effect of particle bounce. This hydrophobic coating has a high molecular weight and low vapor pressure and is therefore suitable for measuring the PAH deposits. After the grease was sprayed onto the strips, they were baked in an oven at 65°C for 90 min to remove volatile substances. All filter strips were allowed to equilibrate in a dust-free desiccator for 24 h before and after sampling, and then weighed to determine the collected particle mass by means of an electrical balance (Sartorius MP 8-6, ± 0.01 mg). After weighing, all filter strips were sent to the laboratory for PAH analysis.
The size distribution of the coarse particle fraction was measured with the NRI. The NRI has been described in more detailed by Noll and Fang 14) . The NRI used in this study is a four-stage rotary inertial impactor with dimensions the same as those used by Holsen and No 11 15) . The collection areas for the four stages are: 1.2 cm . During sampling, each inertial impaction stage was covered by a mylar strip coated with silicon grease in advance. Before and after sampling, all mylar strips were allowed to equilibrate in a dust-free desiccator for 24 h, and then weighed on an electrical balance to determine the collected particle mass for each stage. Finally, all mylar strips were sent to the laboratory for PAH analyses. The NRI was operated at 320 rpm, which produced a theoretical aerodynamic cutdiameter range (assuming a particle density of 1 g/cm 3 ) of 6.5-100, 11.5-100, 24.7-100 and 36.5-100 µm for each stage. The volume of air sampled with the NRI at each stage was calculated by multiplying the exposed surface area by its average rotating distance.
PAH analyses
For PAH analyses, each sample collected was placed in a solvent solution (a mixture of n-hexane and dichloromethane; v:v = 500 ml: 500 ml), and extracted in a Soxhlet extractor for 24 h. The extract was then concentrated, cleaned-up and re-concentrated to exactly 1.0 ml or 0.5 ml. PAH content was determined with a gas chromatograph (GC) (Hewlett-Packard 5890A) equipped with a mass selective detector (MSD) (HewlettPackard 5972) and a computer workstation. The GC/ MS equipped with a Hewlett-Packard capillary column (HP Ultra 2-50 m × 0.32 mm × 0.17 µm) and an HP-7673A automatic sampler was operated under the following conditions: injection volume 1 µl, splitless injection at 310°C, ion sources temperature at 310°C, oven from 50°C to 100°C at 20°C/min; 100°C to 290°C at 3°C/min; hold at 290°C for 40 min. The masses of primary and secondary ions of PAHs were determined in the scan mode for pure PAH standards. Qualification of PAHs was performed in the selected ion monitoring (SIM) mode as that used by Sheu et al. 16) The concentrations of 21 PAH species were determined, including naphthalene (Nap), acenaphthylene Recovery efficiencies, determined by processing a solution containing known PAH concentrations following the same experimental procedure that used for the treatment of samples, showed values from 0.759 to 1.070, with an average value of 0.853. The blank tests for PAHs were accomplished by using the same procedure as in the recovery-efficiency tests without adding the known standard solution before extraction. Analyses of field blanks, including the glass fiber filter and XAD-2 cartridge found no significant contamination (GC/MS integrated area < detection limit).
Data analyses
(1) Airborne dust exposure profiles In this study, log-normality, the average exposure level, and the exposure percentages that exceed the occupational exposure limit for a given exposure profile were examined. The log-normality of each exposure profile was examined by means of the W-test as suggested by Gilbert 17) . The arithmetic mean was used to describe the average exposure for a given exposure profile, since it provided an effective estimate directly related to the average dose and cumulative dose 18) . The method adopted in this study has also been recommended by the American Industrial Hygiene Association (AIHA) Exposure Assessment Strategies Committee for exposure data with various sample sizes and geometric standard deviations (GSDs) 19) . The method of the minimum variance unbiased estimate (MVUE) is adopted to estimate the arithmetic mean (AM MVUE ) for a log-normally distributed exposure profile. Full calculating procedures were described in the study conducted by Attfield and Hewet 20) . The percent age exposures that exceed the occupational exposure limit for a given exposure profile (including the point of estimate (F), and its upper and lower 95% confidence limits, expressed as F UCL-1, 95% and F LCL-1, 95% , respectively), were calculated based on the method suggested by Hewett and Ganser 21) . (2) PAHs exposure profile In this study, the arithmetic mean of AM MVUE was used to describe both gaseous and particle-bound PAHs exposure profiles for a given exposure group. The Total parPAHs and Total gas -PAHs were defined as the summation of the resultant AM MVUE s of the 21 PAH species found in both particle-bound and gaseous phase PAHs, respectively. The Total-PAHs was defined as the summation of AM MVUE s for both Total gas -PAHs and Total par -PAHs. In addition, PAHs were also classified into three categories based on their molecular weights, including: low molecular weight PAHs (LM-PAHs; containing two-to three-ring PAHs), middle molecular weight PAHs (MM-PAHs; containing four-ring PAHs), and high molecular weight PAHs (HM-PAHs; containing five-, six-, and seven-ring PAHs). Here, LM-PAHs, MMPAHs, and HM-PAHs were again defined as the summation of the corresponding AM MVUE s of the defined PAH species.
(3) Particle size distribution In this study, the particle size distribution for a given workplace was determined by combining the MOUDI and NRI sampling results. Assuming the collected particle mass (or particle-bound PAHs) was uniformly distributed in each collected particle size range. The concentrations in the overlapping size ranges measured by both MOUDI (5.6-10 µm and 10-18 µm) and NRI (6.5-11.5 µm, 11.5-24.7 µm, and 24.7-36.5 µm) were presented by averaging the sampling results collected by both samplers. The particle size ranges for a given size distribution are expressed in sequence as: <0.1, 0.1-0.18,  0.18-0.31, 0.31-0.56, 0.56-1.0, 1.0-1.8, 1.8-3.2, 3 .2-6.5, 6.5-11.5, 11.5-24.7, 24.7-36.5 and 36.5-100 µm, respectively. In this study, both the mass median aerodynamic diameter (MMAD) and geometric standard deviation (σ g ) were calculated to describe the particle size distribution in the workplace atmosphere. Table 1 shows the personal inhalable dust exposure profiles for the pelletizing workers and packaging workers, respectively. As seen in Table 1 , both exposure profiles were log-normally distributed as tested by the W-test. The arithmetic mean exposure level for the packaging workers (AM MUVE =1.17 mg/m 3 ) was higher than that for the pelletizing workers (AM MUVE =0.82 mg/ m 3 ). The point of estimate (F) for the fraction of exposure that exceed the current TLV-TWA value (i.e., 3.5 mg/m 3 ) for the packaging workers was about 7.48% (with values of 17.75% and 2.64% for F LCL-1, 95% and F UCL-1, 95% , respectively), which was higher than those found for pelletizing workers (i.e., 0.000, <0.10%, and <0.000% for F, F LCL-1, 95% and F UCL-1, 95% , respectively). The higher exposure levels found in packaging workers were believed due to the large amount of carbon black released during the packaging process. The trend found in this study was consistent with the static sampling results conducted at the same plant in our earlier study, in which the packaging area had a higher dust level of 2.04 mg/m 3 than the wet pelletizing area level of 0.23 mg/m 3 . Furthermore, the results were also comparable to personal sampling results obtained at 24 furnace oil carbon black plants in a recent study 22) . In the study, the authors found that the material handling area had a dust geometric mean concentration as high as 1.45 mg/m 3 , but concentrations in the other places (including those in pelletizing workers) were less than 0.59 mg/m 3 . Moreover, the results were also comparable to those of an extensive study conducted in 18 carbon black plants owned by four different companies located in 7 European countries 23) . It concluded that all personal exposure profiles were lognormally distributed, and the geometric means of the inhalable dust concentrations ranged from 0.18 to 1.96 mg/m 3 , but about 30% of the exposure levels of the warehouse packers were found to be in excess of 3.5 mg/ m 3 . Clearly, the percent of exposure levels that exceeded the OEL found in the above study was higher than that found in this study. Nevertheless, whether the differences between the results of the two studies were due to the intrinsic difference in workplace ventilation, or the material handling process requires further investigation. Because both studies have clearly indicated that packaging workers might be exposed to the highest dust level, the carbon black manufacturing industry should pay more attention to the packaging process than others. Moreover, since only general exhaust ventilating fans were used in the packaging room, it is suggested that a local exhaust ventilation system should be installed at each packaging site to eliminate spills of carbon black dust. Tables 2 and 3 show exposure profiles of both the gaseous and particle-bound PAHs for packaging workers and pelletizing workers, respectively. In this study, when the concentration of a PAH species was found under the detection limit, it was replaced either by a value 0.5 times the detection limit (when the geometric standard deviation (GSD) of the exposure profile was higher than 3), or by a value 0.7 times the detection limit (when GSD<3) 24) . When an exposure profile was found not log-normally distributed, the arithmetic mean (AM) was directly used to replace the AM MUVE . In this part of the study, three major findings need to be addressed:
Results and Discussion
Exposure profiles for airborne dusts
Exposure profiles for gaseous and particle-bound PAHs
(1) As seen in Tables 2 and 3 , the ratios of Total gasPAHs to Total par -PAHs were found as 1.17 (=1401/1195) and 0.82 (=1316/1606) for the pelletizing workers and packaging workers, respectively. Therefore, it can be concluded that, unlike carbon black using industries where the exposure levels of gaseous PAHs were negligible, in the carbon black manufacturing industry, exposure levels of both particle-bound PAHs and gaseous PAHs were equally important. Moreover, it is interesting to see in both Table 2 and Table 3 that levels of some PAH components, especially BaP and PER, in the particlebound phase were similar to those in the gaseous phase, but it should be noted that the above findings are quite different from previous observations in other industries (e.g., the coke oven industry) 25) . Considering that no thermal combustion process was involved in either pelletizing or packaging, it was expected workers in both areas would be mainly affected by particle-bound PAHs, rather than gaseous PAHs. The comparable gaseous PAHs found in the study suggest that both process areas might be contaminated by other emissions. In our previous study we measured the concentration of PAHs contained in the stack flue gas and feedstock oil. For the stack flue gas, it was found both BaP and PER concentrations (0.140 µg/m 3 and 0.840 µg/m 3 ) accounted for only 0.005% and 0.030% of total PAH content (i.e., 2823 µg/m 3 ), which were quite different from those found in this study (2.13% and 0.17% for pelletizing workers, and 1.43% and 0.75% for packaging workers). But it was found that BaP and PER concentrations contained in the feedstock oil (i.e., 62.1 mg/l and 11.4 mg/m 3 , respectively) accounted for 2.08% and 0.38% of total PAH content (i.e., 2980 mg/l), and were closer to those found in this study. It was therefore suspected that the high gaseous PAHs levels found in this study could be due to contamination with gaseous PAHs released during the feedstock oil unloading process, rather than in the stack flue gas. To eliminate exposure to gaseous PAHs in the carbon black manufacturing plant, it is suggested that an appropriate local exhaust ventilation system should be installed to prevent the release of fugitive gas from the feedstock oil tank.
(2) As we examine the total PAH exposure levels (Total-PAHs=Total gas -PAHs + Total par -PAHs) for both pelletizing and packaging workers (=2.60 µg/m 3 and 2.92 µg/m 3 , respectively), the results indicated that both exposure levels were much lower than the REL-TWA value of 100 µg/m 3 . Apparently these results suggest that the exposure levels not only of particle-bound PAHs, but also of gaseous PAHs found in both exposure groups were insignificant. A recent study has shown that workers exposed to particle-bound PAHs at a level approximately the same as found in this study would lead to a significant increase in workers' urinary metabolite levels 26) . It is suggested that for carbon black workers, who are simultaneously exposed to both particle-bound and gaseous PAHs, the resultant rise in urinary metabolite levels might be worth further investigation in the future. Moreover, a recent study 27) has summarized a list of unit risks (see Table 7 ) for estimating lung cancer risk after lifelong exposure to 1 ng/m 3 of BaP. In this study the lifelong lung cancer risks estimated for both pelletizing and packaging workers were found ranging from 5.83 × 10 -6 to 5.24 × 10 -3 and 5.29 × 10 -6 to 4.76 × 10 -3 , respectively ( Table 7) . The resultant cancer risks were significantly higher than the acceptable level of 10 -6 , which indicates that the exposure levels found in this study might not be negligible. Nevertheless, it should be noted that the unit risks that listed in Table 7 were based on data obtained from both the coke oven industry and the aluminum industry manufacturing industry 27) , so that the lung cancer risks estimated in this study require further confirmation.
(3) By taking the fraction of PAH-homologues into consideration, similar patterns can be found in both exposure groups. As shown in Table 4 , the LM-PAHs were the most dominant species in Total gas -PAHs, whereas the MM-PAHs and HM-PAHs were the most dominant species in Total par -PAHs. The result was not very surprising since LM-PAHs were known to be more volatile than MM-and HM-PAHs. Considering that personal exposure to particle-bound PAHs in both exposure groups was associated with exposure to carbon black, the results found in this study could be theoretically possible. But whether less LM-PAHs found in particlebound PAHs was associated with the thermal decomposition of LM-PAHs during the carbon black manufacturing process requires further investigations. In addition, Table 4 also shows that packaging workers had a higher Total par -PAH exposure level (1,606 ng/m 3 ) than pelletizing workers (1, 195 ng/m 3 ). The results are also consistent with previous data on inhalable dust exposures, where the exposure levels for packaging workers and pelletizing workers were found to be 1.17 mg/m 3 and 0.82 mg/m 3 , respectively (Table 1) . Tables 5 and 6 shows the particle size segregation sampling results for airborne dusts and particle-bound PAHs (including Total par -PAHs and 21 individual PAH species) for the wet pelletizing and packaging areas, respectively. It is interesting to note that all size distributions, including airborne dusts and particle-bound PAHs were found to be bimodal. Typical results are shown in Fig. 1 (for airborne dusts) and Fig. 2 (for Total parPAHs). In statistics of both the multiple sample median test and Barlett's test, no significant difference (all pvalues>0.65) could be found between size distributions of airborne dust and particle-bound PAHs. The results indicate that particle-bound PAHs were uniformly distributed in particles of various sizes. Considering that workers in both areas were mainly exposed to carbon black, the above inference could be theoretically possible. Moreover, as we examine the ratio of the dust exposure level for the packaging workers to the dust exposure level for the pelletizing workers (i.e., 1.42=1.17/0.82, see Table  1 ), it can be seen that the above ratio was quite similar to the ratio of the total paricle-bound PAHs exposure level for packaging workers to the total paricle-bound PAHs exposure level for pelletizing workers (i.e., 1.40=1673/ 1195, see Tables 2 and 3 ). Based The above findings further confirm our inference that both exposure groups were exposed to the same types of airborne dusts. 
Airborne dusts and particle-bound PAH size distributions
Conclusions
This study focused on investigating the characteristics of exposure profiles for workers in the carbon black manufacturing industry, particularly for pelletizing and packaging workers. For airborne dust exposure levels, packaging workers were found to have a higher average exposure level than the pelletizing workers. Although the exposure level was lower than the current TLV-TWA of 3.5 mg/m 3 , exposure of about 7.48% of the packaging workers might exceed the TLV-TWA which indicates that more measurements should be taken in the packaging area than in the pelletizing area. The exposure levels for Total gas -PAHs were found not negligible as compared to the exposure levels of Total par -PAHs for both exposure groups, which indicates that, unlike carbon black using industries, the assessment of workers' exposures to gaseous PAHs should not be neglected. For the particle size segregation sampling results, all particle size distributions were found in the bimodal form. No statistical difference could be found between particle size distributions of airborne dusts and particle-bound PAHs in either area, which suggests that both groups of workers could be exposed to similar types of airborne dusts containing similar PAHs compositions.
